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edges (’1’sumtmi ct al. 1994; 1995[I; 1996).  ‘1’hc ]~onlincar  Al fvdn w:ivcs and l<lk arc typically

tllc-j>oltll’izrtl  (rl’sutul:lni  C( ;il., 1994; 199511;  1996; Riley ct al., 1995; 1996).

‘1’hc purpmc  of this paper is 10 examine the field and pl:lsma data for nonlinear drc-polnri~rd

Alfvdn waves and rotational discontinuitirs to cxplort  the :~pplic:il>ili(y  or ]~ot]tl]>]~lic:ll>ili(~  of tl~c

l’rillcip:ll  Axis (llA) tccl]niquc  of Sonncrup  md C:lhill  ( 1967). WC will argLlc tha[ the l)rincip.lt

Axis (l’A) tcchniqllc  is applicable for finding  the wave (Iircction  of propagation for iltc-j>c)l:ilixc(l

\! ’[l\’cs. ) 10  W C V C I, wc will :trguc 11):11 wavr  pIT)plIgal ion dircclion  Ak i s  1101 in Ihc lnit)illlllt]l

vdriancc  d i r e c t i o n ,  hIt l i e s  along (hc in(crmdiatc  v a r i a n c e  (Iircclion.

h41i’1’1  1011 01” ANAI.YSIS

‘1’hc covaridncc  of the cress products  of the three orlhogon:il  conlponcn(s  of the mdgnclic  field

a r c  did.gonalixxi, giving lhrcc cigcnvillucs (Xi, ~T, 13). c(>]lcs])[)ll(lit]g  (0 t h e  maximuln.

i]ltl’llllc’(li:i((’  illl(l  m i n i m u m  v a r i a n c e  (lircctions, rcspcctivcly, W e  will ctIll (h co]lcsl)oll(lil)g”

SLICII as tangential (Iiscol)ti l)llitics. It :ilso gives (he direction of prop:  igation C for circularly or

cllip[ically pol:triy,cd clcctromagnclic waves (Smith aI]d ‘1’sllrutani, 1976), We will app]y [Ilis

gcI)cral  n~cthod  of analysis for the analysis of arc-p ol:iri~ed  Al fvdn waves :LDd ro[:ltional

(Iiscolltillllitics:lll(l  comment on the il)tc]])]cl:itioll of lhc rcsu]ls.

R1;SUI /’1’s

l:ij!,urc  1 sl]cJ\t`s:lll  cx:lll]l>lc  () f:~]ll:ig]lc[ic f'icl(l (lisc(Jll(illl]  ity:it -()() 581 Jrl’, ALlgLISt (), 1995. ‘1’hc

[Ilysscs spacccraf(  was at a hcliog,r:lphic latitllde +80.5’” nnd a (Iis(ancc  2.() All frolll [hc slln.

‘1’hc t(~p pilncl shows t h e  f i e l d  componcnl ill the  nlinilllum  vari:incc  coordin:ttc  systc]ll kls

d~’scril)cd  prcvious]y. ‘1’hc magnclic field m;ignit[]dc  pa]lcl shows that the m:ignc{ic field

nulgnitudc  is conscrvcd  ;Icross the discontinuity. ‘1’hc field is primari]y  :Ilong the l’1~ dircc(ion
A

dnd is a]mos[ Ycro along 113. Similar discontinuilics  were ohscrvcd by Ncugcbaucr  ( 1 989).
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‘1’hc bottom  p:mcl  in l;igurr 1 gives the hodogram  for the discontinuity  in [k 111 - l;, pldl)c.  IIy

definition, the majority of the vcclor  pcrlurlxllion  is in the 111 direction :in(l less pcrlurbd(ion  in

Ihc I)j direction (?bl/k? = 28). ‘1’hc pcr(urb:i(i(}]]  vcc(or sweeps out an “arc “ in the hodog,ram. ‘llc

varilltion in lhc 133 dircdio]) is less ll)mI in Ihc 11, (Iircclion,  m (hc ratio ?L, /?Ll = 2.6 in(licalcs.  ‘I’l Ic

iInglc bclwccn  ~~ :In(l  Ii. i s  89”. ‘1’hc angle  bc(wccn F2 :11)(1  Ii ~, is 12”, a poin( Ihdt wc will

K’1111’11  [()  1:[[(’[’.

l:igurc ?a illus(ra[cs a ro[a[ion in the ambient magnetic field on .luty  29, 1995. LJlysscs lV:N ag:lil]

(lvcr Ihc nor(l)  hcliogtaphic pole al :ij~]>l(}xi]~~;ltcly  the s;ilnc (lis(ancc w the prcl’iolls cxdnlplc.

‘1’hc l’icl(l variation is dgdin illus[rdlcd  in (I]c mil)imum vari[lncc coor(linatc  syslcn). ‘1’hc field

lllilgllilll(lC  is CollStilllt,  to firs( Or(lcl,  ‘1’hc field is ])1’illlill’ily  in tllc ~z (Iircclion all(l  is S1111111  in tllC

is Compollcllt.

l(ig,urc 21> gives lhc h(xlogram for lhc points  1-3 inlcmal  (scr lhc l’igllrc) in the B, -112 plane.

‘l’lIL’  ]X’11111’biltioll  Still’(S ilt poinl “ 1 “ iill(l  CI1(IS  ;11  poinl “ 3 ” .  l;l’O1)l point “l” (() “2” tllC  field l“oliltCS

Slo\Vly.  ill)(i  11’011)  poinl “2” 10 point “ 3 ”  t h e  I’otiltioll”  is Illllcll 1]]01’C  r a p i d  (tl)c lill(C1’  i n t e r v a l

inclu(lcs  lhc rotational clisco]llilll]il>~). ‘1’hc ro(alion is 01’igillillly  flo]ll ICf( 10 righl illl(l  IIICI1 bil~’k

I() the IC(I ilgiiill.  ‘1’his is the relationship of :In Allvdn  wa~’c and a r(~tational  discontinuity

(Iisrusscd  in ‘1’sllrulani  c1 al. (1994). ‘1’llc rol:llional  (Iiscol)tinui[y  :111(1  “wave” (ogc(hcl” fol’11’l ii

360’” ro(:i(ion in ph;lsc. ‘1’1111s t h e  l’O(atiol)ill  discontinuity c:lll k’ intcrprctcd a s  (Ilc ])llilSC-

SICC]}CllC(i  d~c Of :111 Al fvdn  WJ:IVC. k,/k2  is -4.5  :t11(lk,/)L3  =3.8.  ‘I’tlc:ltlglc  [) fiqlcl:lti~cto  Ii,,

is’/7[’ and the ang]cof  ~Z rcl[itivc  (() Ii. is 13[’.

IJOI” I>otll Cxal]lp]cs  shown (Iiigurcs 1 [111(I 2), the ]lCI’[lll’llill ion VCCl(J1’]’Ot:llCs  in :1 ]llilllC. ‘1’his is

shown by the largcr:tlim  of A,/)L ~,2,6:\II(l  3. X,rcspcclivcly. ‘I’tllls, ()]lcl)()ssil)lc il)lCI’1ll’Ctil[  ioIl i s

11)01 these drc-polari~cd  waves arc prop:lguling  :IloI]g tllc~l direction. 111 (Ilcsc(wocascs  o~l]

would thus k 89” and 72”, rcsjxxlivcly. S(lcll  highly ol)li(]llc  iill~lCS  Of propag:ition  sccn]in:,ly

would  hc peculiar. Alsoforthc  la([crcasc  (Iigurc  2), this ill[clj>]ct:i(iol~  WOLIIC1 i]]lply  [lli~{ the

Slo\\J  rol; l(ion:ll  ]>ill’( ;ill(l  i’ilSt  rold(ion;ll  ]);11’[ of IIIC  \\’ii\)C  \Volll(l  COI’1’CS])OI1(I”  t{) :1 ICf(-11:111(1  polarimd

(AI fvinic ) por( ion 1111(1  righ[-h:md polarix(l  (I]l:igflc[os(>t]ic)  porlion,  assuming  prop:lgdl ion :Iu ay

i'l'()ll) tllCSLlll  (il])lO]>;lgiltillg,  t()\!)ill'(lS  tllCSllll, lllCSCllSC  (lfl`()t:lti()ll  \t)(JLll(l  l> Cl'C}JCl`SC(l).  Sincclhc

]ll]:lsC  sl>CL`(ls () flclt-ll:ll](l  \$:l\Cs:i  ]](]li#,ll(-ll:ll]  (l\t;l\'Cs:ll  CC()llsi(lCl`:ll}l>(  iifl`Cl`Cl)t  (tllC  righ[-hand

(1/? ()/9() 4
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I>rallch has higher

‘1’hc “waw”  could

]>l):tsc-s]~cc(ls),{)]lc  would expect the ri.gl](-hand  portion toquic!ily  pull aw:ly.

not st:ty  intact.

‘1’llcrc  :Irc o[hcr problems with the intcrprct:ltion  [hat ~1 defines the (Iircc(ion 01 propagation of

the ;Ilc-]>ol:ilizc(l  w:ivc. ‘1’hc mngnc(osonic  portion  should bc compressive. cspcciul]y  if it is

prc)p[tgating  ncar]y orthogonal (0 Iic,. ‘1’here. is no cvidcncc  for this in the d:i(:i. in fdc(, (1)c field

mo~nitude  in [hc fast rota(ioll:t] portion  is slightly less th:in in lhc slow mtationdl portion.

Anotl)cr  problcm is (hat (I1c slowly rot;[ting por[ion dots not Hlways  have only onc sense 01’

“])ol;ili7:ltioll”.” ]n the cx[imp]c  shown  in ‘1’surutani  ct al. ( 1 994), the slow rotdtins portion

covered  abcm( 270” itl phase rot:[(ion (no[ shown). ‘ 1 ’ b u s ,  for this case, the s low  mtalion  consisl(d

of both lcf(-hand  :ind right-hand polarimd  p[ir(s. ‘1’his corrcs]mnds 10 “Mglllar o~’cl’shmt$”

discussed ill Nc~Igcl}:illc](  1989).

IX) Al<(:-l’C)l  .Al<lZlil) WAVliS

Again, the “wave” wou]d quickly scpw~itc into (WO parls.

l’l{C)l’ACiArJ’l  lINrl’Jlli  ~2 I) IRICI’1ON’?

‘1’ocxplorc” t h e  ]]]c;itlill~  oftl]c]>]il~ci]  ):il :~xislcsllltsf c)lillc-]){)l:~  liy,c(l Rl)s:in(l Al f’\dn WHVCS,W’C

show’ a schcn)atie  j’orlx)lh linear and j~oj)lillc:ilAlf\’(<tl  wuvcs (rotational] disconlinlli[ics  [ire high

frc(lLlcl]cy Al fv<n waves) in l~ig,llrc 3. At II)c t o p ,  n s]nal]  ampliludc Alfvdn w;l~rc  (rain i s

scllcln;ltic:~lly  shown  (taken after Al f\’Fn , 1950). ‘1’hc wii~c amplitudes arc small (j 1 nrl’) in

co]np:lrison  to the amllicnt field slrcng(h of 10 n’]’, w the waves arc csscntitllly “lincdr”  in Illis

C:ISC.  ‘]’hc \JJ;I\Ics:IIct  I;iI)s\JcIsc  and ])()])co]l]l)]cssitc. ‘1’hc  W:IVCS a r c  pmp:lgntingil]  Ihc+ -or- x-

dircclion.  “J’his is[hc  stmdard  o])c-(li]))c])sio]):ll  Alls6n “wave tr:iin”  shown in many tcxtlm)ks.

‘1’hc (Iircction  ofmaximllm  v:lri;lncc is along the ~-axis. ‘1’hc minin~um vdri:lncc i s  (hc i - j

p l a n e .  l:(~ltllisc:lsc~,=~l=().  ll(J\\c\’cl,13  cc~tLIsctl )c\i J:t\Ic islillc:illyj 301;lli7.c(l,tl  lc(lilccti(Jll
. .

of k C;)]) ~1~]~ k! ]()~;]]id [() ~k ])]~]]~c  ])cl”j)(’])(licll][i]’  to ?L[ b}~  (])C  ]])il~i]l)tl]~~  \’;lri~il)~c  tc~hl]i(]ll~’.

‘1’l)c  N4V t~’cl]tli(]~]c(l[)cst]ot  give iltltlic]llc sollltiotlfo  rtllisc:(sc.

I:igurc 31> is a simil:[r  case, 13LIt for a WLIVC with much larger [Implitll(lc. “1’hc W:IVC is agiiin

ll(~llcolll]llcssil~c  and thcrcj’orc  mllsl now bc “illc-]>ol:lliy,c(l’” to I]):lil)ttlil)co])st:lllt 11)1. ‘1’hc lipof

[Ilc IIl[tgnctie perturbation vcclor rolalcs on lhc surfnce of a sphere (Ciolislcin cl ;II., 1974).

Allll()llg])  l]] C(l()])]ill[illt  ]lC]`(Ll]`l)iitiOll  issti]l  Ill t h e  j, (]il’cc[ioll,  t]l(’l’ctll’c ]lo\\’j  )UI’(lll’l)lltl  ollS” ill LhC

~ - d i r e c t i o n  as we]!. A l’rincipal  Axis Analysis would show that the m:txilnum ~’:lriancc is

0120/90 5
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as illus(rdtcd in (hc  l;igurc. Note that (I]c pcr(urlxltion  vcctor]ics  in :tplanc (i-~.),  simil:u”tc)tl)c

datd  cxdmplcs  of l;igurcs 1 and 2. Wc have alrcddy gjvcj~ :IIgumct~ts  why il is difficult 10

illl:lginc  (hat (hc w:lvc is pmpngatitlg  in the y-direction. Asil~ll>lcr  cx]>l:itl:\ti(~ll  isthtlt [l~cwa~cis

]l]()]>:lg:l(illgi[ltllc i dircc(ion. As (hc linearly polwi~.cd  w:~vcs grow in amplillldc  lrc)lll  d linciw

It) I]onlincdr  state (froln 3a 10 31>), in order (0 mainlain illc(~lll]>l”cssil~ili(y,  (hey gr;ldll:llly  cv(~lvc

inlo iltc-]>(~l:lt”izc(l  s(alcs. in tllissccll:ilio,  tllc \\:lvc] l(Jl:iliz:lli[)  ll(locs nol consist of’:t lcfl-hand

:llld a ri~ht-hand  componclll  at a]l, [>111 (hc entire ~60[” phase cyc]c is “:il’c-]lc)]:ll’iy,c(l”.  Also in this

illlcljllct:l[ic~ll  thcw:ivcs  arc not ]]l;lllc-l>ol:lli~c(l. ‘1’hc 1~’tivcs:trc  :lspccial  case ofsphcrica]  wdl’cs

(Ihr pcr(llrbat ion vector rot:llcs on t hc surf am of ;i sphere). ‘It]lls.: llllolc(lc  filli(ilc  l: IbclwIould

llc’’’:ltc-]>(Jl:llix,  c(ls]lllclic:ll  W: LVCS”.

]) CI’[(11’l)iltioll is in (Ilc sdlnc dircc[io]l. ‘I’llc\\:l\ccl  cc(licficl(l,  l;,,, isgivcnby

‘1’1111s,

~= ]\,, ~1~,, (~)

l;l(lllll llcscllclll:llic,it  isnotcdthal  (Ilisis:ilongtllc  i :lxis, (Jt; il()llgt ll(`; \llll>icllll  ll;lgllc(icficl(l.

‘1’his sense isthc samcas (hat for small :Ilnplitudc w:ivcsshoun  in 3:t. Note thiit  [hc dircc(ion of

wdvc energy is along tz orthc  intcrn)cdi:tlc  v:tri:lncc  dircc(ion.

l;i:,ur~.s 4a and  4b show the rcsu]ts of principal wxis atl[ilyscs  of 40 spherical arc-polari~cd  Alfvdn

Wf[lvc events und 63 llollcol~~]]rcssioll:il  (Al131/1131  < ().2) dircction:l]  (liscc)]~titllli(i(>s  (I JIX) wi(h wc

l>ol;lli~,:ltioll.” ‘1’hc discontinllity set consisted of :111 clear ~i]c-]>(~l:lliz,c(l  events thal occllm:d

wilhin  [1 single  day. ‘1’hc top pane] gives  the I)LII))13cIofc\C’Ilts  over 10” angular bins of t?

rl’lii[ivc

()/? ()/9()

() Ii{). l;OI  the slowly ro(atin~, Alfvdn W; IVCS, (Ilc g,rcalcst  l)llnlbcr Of ’events  OCCIII” [11
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l:[t”~,t’ oh21],, :tl]~]cs. ‘J’hc disconlinuilics  h:tve a brodd Iangc of a n g l e s  bclwccn  k, a n d  ll{).

IIowevcr, when the nulllbcr  olcascs  :irc norlnaliz.cd  by taking  the solid angle subtcl]dcd  inlo

account, \vc gel the boltom Iwo pmls. l;rom tllcsc normaliml d is t r ibut ions,  i t  is  found  that

Alfvd]l w a v e s  :ind the :~lc-j>ol:iliz,c(l  discontinui(ics arc  prinl:lri]y  dircc(d  ;~lons  (l~c aml>icn[

nlagnctic  field, ‘Ibis isconsislcnt  with the rcsul(sobt:tincd  in thceclip[ic  plane (Iklchcrand

IJ;lvis, 1971), at lliglll:ititll(lcs  (Slllitllct  :11., 1995t>), and here using an:ilysrs  invo]ving  V,,, ilrid

(: ONC1.lJSloNS

l;or circulwly  polwi7cd or cl]ip[ic:illy  pol:lri7,cd  clcctromagnctic wJavcs,  K3 gives the corrccl

wave direction of propd:,ation  (Smith mld ‘1’surutani, 1976). ]or small ;implitudc  linc:lrly

polilriycd  clcc[l[)lll:lgllctic  wa\cs, t h e r e  is a 360(” a m b i g u i t y , a n d  (I]cl”cfol’c i C;ll)l)ot  hc

determined from the MV method  alone, llowc\Icr, as the llollcolll]>)cssi\c  Iitlcatly  pol:[rizcd

\vtI\~cs bcmme  larger in }implitudc,  the “arc” removes the ambiguity from principal axis analysis
.

rcsu](s such lh:d (IK wave k can bc dc(crmincd. Onc possibk  itl(e]”[}lct:itic)ll  is 11]:)1 (}IC \va\’rs :Irc

spherical waves with :11’c-l>ol;tliz,:ttioll  aIld 111;11 (hc w;i\’c E is :Ilong [hc intcrlncdiii[r  variance

(Iirccl ion,

A(li/lo\\l(’(l<s/]l(/lt.~. ]’or[ions of this work were pcrl’ormcd  at (hc .lct l’repulsion IJ:llmrdloty,

C~:llif()llli:ll  l~stitlltc(  ~f'l`ccl~ll[)logy,l  ):ts:t(lcll:i,L ll~(lcrc()l~[l:ict  withthc National Acloll:l~l(ics;lll(l

Spucc A(ll~lit~is(l:ltiotl.

(J?61’)6
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‘Isurutani$ 11. ‘1’., ~. M. 110, J. K. Arballo, C( it]., lI)(cIj>l:II~c(:iIj  discon(inui(ics  at)d Alfvdn wnvcs ill
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l;igurc  1. A  magnc[ic  f i e l d  discon(inui(y  :It +-80°  la(ilu(lc,  [III(1 2 . 0  ALJ f r o m  (hc SUII. ‘l’lIL>

disconlin[]ily  is :ilc-j>ol:tlizc(l.

l:igurc  2. An arc-polari~cd  Alfvdn wave p]us :Irc polari~c(l  rotational discontinuity. ‘1’hc two

pcr(urba(ions  arc ncar]y copl:m:ir.

I;igurc 3. A  schcma(ic f o r  small amplitude Iinc:wly  polarized Alfvdn w:ivcs (top) and Iargc

ampli(udc  :~t.c-j>ol:ll.i~.c(l  Al fvdn waves (botlom).

l;igurc  4. ‘1’hc [inglc  bctwccn the in(cmcdiatc  variance direction [ind Iic) for 40 :ilc-]lol;lliz(’(1

Alfvdn  waves and 63 :irc-pol:ui~cd  discontinuitics  ((op panc]s). ‘1’hc’ bottoln  p a n e l s  :11’t’ tllc

(Iu(a  in t h e  top p:Incls normali7.c(l  b y  solid al)glc.



B,, nT

Bz, nT

B3, nT

IBI, n~

Ulysses August 6, 1995
Day 218

2.0 @@
---- *% ..dbvx - --------- +. —..>-. I

0.0 ?
: ~m”~

+’.O - ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ”  “ ’ ’ ’ ” d,1,1, ,,1, ,1, ,,!,l, !,1, 1,, ,,,

0,0

-2.0

.4.0
2.0

0.0

-2.0
3.0

2,0

1.0

0.0

I I
I

,----.’--- -. s>-.-=-- - - ---- -------- “:+. -L -.  -—-- —-”—————w  - - -

1 I
,,, ,, (,!, ,!l(! 1!,  1111 ,11! !ll)l! 1111111 !l !,,!

I I
I
I ~ .A+..d+%f. . . . . . . . . -.,%- +.%+- .

-“h”-’  --~@.rf- 1
I I

,,, ,, 1!, !! ,1,,,,,  l,, 4,1,1 !!ll! 11111111 l!l ((11

I I

I I.. —---- — . . . .“—
---’--------------  ---------@t—’— —-<-—“ --~. ‘ -

I I
I I

,, !,, 1,, ,, ,1,1,, Ill ,!l,l, ,,l!(l! 11+ 1!

0054 0055 0056 0057 0058 0059 0100

Time, UT

Ulysses Heliographic
1.0

c. - -2.0

-3.0

1995 Day218
0057:44-0058:32 UT

,,,  ,!, !!l, (!!1  11, ,1(, ,, (,!!, 1!!14

= 80.05”

,,, ,

,,, 1,, ,,,

0101 0102

0057:44  UT

0058:32  UT

-2 -1 0 1 2

B, in PA System (nT)



. .

. Ulysses July 29, 1995
Day 210

2.0

B,, nT O.O

-2.0
?.0

v - - - ’ — ” - . - k . - - - - - - - ” ’ - - -  -

Bz, nT 0 , 0

I I
-2.0 l,(!l, ,,, l,,,,,, ,,, ,,, ,,1, ,,1,1
2.0 I I I I I

B3, n~” O.O

~4

-2.0
2.0

kwr

+~~

I B I ,  n-r 1,5
I
I I

1 . 0 ’ ’ ’ ’ ’ ’ ’ ” 11, !l ,1,,, ,1, ,,, 11[, 11. ,

1,, ,, 11!, ,,1, ,,  !l, ,,, 11,,,1, I

I I I I

?315 2320 2325 2330 2335 2340 2345

Time, UT

Ulysses Heliographic Latitude = 80.2°

c -1.0 1995 Day210.-
2325:30-2343:20 UT

m“

I

I

@) 2325:31 U T

@ 2340:47  UT

@ 2343:20  UT

-24 t ,,,  ,,, ,, ,1,,, ,,,  ,, ,1,,,,,,  ,, ,1,,,,,,,,, I

-2 -1 0 1 2

B, in PA System (nT)

E’igurc  2



mN

x

x

N-

0



.
.

N
.

03
7--

●  ✍

n

0 co
7-

s]uaAq

w *NO

m o

“ON

u
a)
N

● -
75
E
L

d

I

0.

—-----40

u


